ABSTRACT Cognitive satellite communications (SatCom) is considered to be able to alleviate the bottleneck of spectrum resource shortage due to traditional spectrum allocation. This paper focuses on a special scenario where the frequency band of SatCom is recommended by the terrestrial terminal according to its spectrum sensing results. Further speaking, frequency bands preferred by terminals in each coverage beam of the satellite may be random, which on the whole forms diverse recommended channels problem that poses a great challenge to traditional multi-beam satellites. To make reasonable use of available resources in this scenario, this paper targetedly proposes a beam hopping (BH) scheme, which is capable of providing services on each frequency band. Based on the BH scheme, two 4-D [i.e., time, frequency, power, and dedicated spot (DS) beam] resource allocation (RA) schemes are presented, which adopt maximizing throughput (MT) and minimizing demand-supply variance (MDSV) as objectives, respectively, corresponding to the fact that satellite resources may be relatively rich or scarce. Both of the RA problems belong to mixedinteger nonlinear programming. By decomposing them, three levels of problems, namely, frequency band selection (FBS) problem, dedicated beam allocation (DBA) problem, and time-power allocation (TPA) problem are successively formed. For the FBS and DBA problems, we correspondingly propose heuristic algorithms to quickly distribute frequency bands and dedicated beams. Whereas for the TPA problem, Lagrangian dual algorithm and water-filling-assisted Lagrangian dual algorithm are respectively adopted to solve the convex problem for MT and the nonconvex problem for MDSV. Taking also spectrum sensing errors into account, numerical simulations show that the proposed schemes and algorithms perform well, and a significant gain can be achieved in cognitive SatCom.
I. INTRODUCTION
Satellite Communications (SatCom) plays a signigicant role in wireless communication, the advantage of geographically wide coverage also makes it outstanding in remote and inhospitable areas [1] . However, it faces many restrictions in recent years, among which the most pressing problem is the capacity limitation due to spectrum shortage, and this problem becomes more severe when serving applications of highthroughput demand. Given the current low utilization of spectrum [2] , cognitive radio (CR) technology is considered as a promising way to solve this problem [3] , it facilitates second users (SUs) to access the shared spectrum under the condition that SUs generate limited interference to primary users (PUs). Recently, CR technology has also been migrated to SatCom [4] , [5] , which thus can be utilized to fulfill requirements of high throughput satellites (HTS) or, at least, shorten the distance from these requirements.
Based on this background, researches and designs related to cognitive SatCom in Ka band are on the rise. Especially, 17.3-17.7 GHz and 17.7-19.7 GHz were named as nonexclusive bands and prescribed available for uncoordinated Fixed Satellite Services (FSS) by the European Conference of Postal and Telecommunications Administrations (CEPT) [6] . However, since the above bands are also assigned to Broadcasting Satellite System (BSS) feeder links and Fixed Service (FS) links according to the Radio Regulations [7] , the coexistence problem therein must be properly addressed [8] .
Spectrum awareness is a basic function for solving coexistence problem of systems in the shared spectrum. In general, two techniques can be adopted to achieve spectrum awareness, i.e. spectrum database and spectrum sensing [9] . With spectrum database, the cognitive system can arrange resources in advance based on their availability to avoid interference with primary systems. However, spectrum database may lack flexibility when exposed to a rapidly changing primary network, and the statistical process of spectrum occupancy also imposes a heavy burden on the network [10] . In contrast, spectrum sensing compensates for these shortcomings, as this function module can be equipped on all SUs for seeking out available carrier frequencies (also known as spectrum holes [8] ) for cognitive communications.
Currently many cognitive access researches of terrestrial networks have been carried out on low-utilization bands (e.g. the TV white spaces) [12] , [13] . To increase the capacity of SatCom, CR technology is indispensable. However, characteristics of SatCom have brought new challenges to the application of CR technology, which are listed as follows:
• Numerous PUs. Due to the wide coverage of the satellite, a large number of PUs may be covered by satellite beams, thus the interference problem between primary and secondary systems of SatCom becomes more complicated than that of terrestrial communications;
• Large delay. As the SatCom has a large delay, cognitive decisions including but not limited to the results of spectrum sensing and resource allocation (RA) may not guarantee long-term effectiveness;
• Timeliness of service. For non-geostationary orbit (i.e. LEO (low-Earth orbit) and MEO (medium-Earth orbit)) satellite systems, the fast moving characteristics of satellites require that they must satisfy the requirements of terrestrial terminals in a timely manner;
• Diverse recommended channels (DRC). According to the results of spectrum sensing, frequency bands recommended by terrestrial terminals are diverse (we thus call it the DRC problem), since these terminals are irregularly distributed among PUs, then traditional multi-beam satellites are difficult to serve all terminals in this case. In this paper, we focus on the RA issues of cognitive SatCom downlink, where the downlink channels are recommended by cognitive terminals according to the detected interference, considering the possibility of numerous PUs around each terminal. The key contributions of our work are as follows:
• A beam hopping (BH) scheme specially for the DRC problem is presented, which applies to the diversity of preferred frequency bands of terrestrial terminals in cognitive SatCom;
• Based on the BH scheme, four-dimensional resources (i.e. frequency, dedicated spot beam, time and power) are separately analyzed, which successively correspond to the downlink channel of each terminal, the allocation of dedicated spot (DS) beams, the duration of every BH pattern and the power of each activated beam;
• Combined with actual situation of cognitive SatCom, maximizing throughput (MT) and minimizing demand supply variance (MDSV) are adopted as targets of RA. The RA problems are reasonably decomposed and solved, by heuristic and Lagrangian dual algorithms instead of time-consuming bruteforce methods, to guarantee the timeliness of the service;
• Through simulation, performance of proposed schemes and their robustness to spectrum sensing errors introduced by delay or other defects are verified, respectively, based on which recommendations and conclusions are given. The rest of this paper is organized as follows: It starts with work related to resource allocation in Section II. Descriptions of the application scenario, system model and formulation of the RA problem are separately provided in Section III. Section IV covers the proposed channel selection method and BH scheme. Detailed solutions for RA problems are presented in Section V. Simulation results and performance analysis are given in Section VI. Section VII concludes the paper.
Notation: Throughout the paper, (·) T signifies the transpose operator, scalars are denoted by non boldface type, while vectors and matrices are denoted by boldface type.
II. RELATED WORK
Resource allocation is indispensable in wireless networks, as it optimizes the performance of the network, considering precious resources, diverse requirements and multiple influencing factors. Therefore, to guarantee the quality of service (QoS) under different restrictions, the problem of distributing resources attracts the attention of many researchers. RA problem generally involves time, frequency, power, beam and other resources. In [15] , RA was utilized to assist in resolving false attacks of spectrum sensing data, by employing the Lagrangian dual algorithm and bruteforce algorithm respectively, the decomposed subproblems of the main problem were solved. Zhang et al. [16] simplified the joint beamforming and power allocation multiple-constraint problem by iteration. To achieve the optimal allocation of power, an improved algorithm based on water-filling method, namely, capped multilevel (CML) water-filling was also introduced. In [17] , power and beam allocation schemes of satellite downlink based on requirements and channel conditions were presented, where objective functions of the supply and demand difference with the first, second and third orders were compared, and the second-order objective function (i.e. MDSV) was deemed to be well compromised between throughput maximization and fairness. Han et al. [18] focused on the joint optimization of time and power in SatCom, and the RA issue was modeled as a 2-dimensional bin packing problem (2D-BPP).
Literature review reveals that most of the research on cognitive SatCom RA is based on the construction and update of the database of PUs activity rules [10] , [19] . Li et al. [20] considered the power allocation problem for the uplink of cognitive satellite systems, and the problem was solved by a dynamic game model. An optimal RA method for hybrid interweave-underlay cognitive SatCom uplink was proposed in our earlier work [21] , where the ISM (Industrial, Scientific, Medical) band is selected as the shared spectrum for cognitive terminals. To maximize the total capacity, an integrated terrestrial-satellite network was researched in [23] , the ground users were reasonably allocated to the satellite or base stations for service. Icolari et al. [22] proposed a beam pattern RA strategy pertaining to polarization and spectrum portion, the peculiarity of interference difference as well as insufficiency of spectrum utilization had been fully utilized. Instead of researching into cognitive satellite and terrestrial systems, [24] doubled the efficiency of spectrum by combining inter-satellite beam hopping (BH), whereas the challenge is that the cognitive satellite should obtain the primary satellite's BH pattern beforehand. In this paper, we consider the RA problem in a special scenario where frequency channels of SatCom downlink are recommended by terrestrial terminals. Besides, we argue that the current RA problem is quite different from previous research, as spectrum sensing results are real-time and variable, comparing to the content of spectrum database.
III. SYSTEM MODEL
It is assumed that the shared frequency band on which the cognitive SatCom attempts to operate possesses J orthogonal frequency channels, and each of them has an identical bandwidth B. Specifically, for Scenario A, J = 11, B = 36MHz [25] ; for Scenario B, J = 18, B = 110MHz [10] ; while for Scenario C, J = 19 in Europe, B = 20MHz. Note that the bandwidth of cognitive SatCom is not necessarily the same as the bandwidth of PUs, and the former can make adjustments according to the latter. Besides, we also assume that there is always at least one idle channel in J channels, since the spectrum is underutilized in most cases.
The system model of cognitive SatCom downlink is illustrated in Fig. 2 , where recommended channels of terminals are diverse in each beam of the satellite. Since one beam of the traditional multi-beam satellite can only serve terminals of one channel, it can not meet the needs of all terminals. We consider combining multiple beams with BH to increase the number of served channels, as BH is known to be capable of improving the flexibility of the service. Without loss of generality, this paper assumes that all J channels in each coverage beam are recommended. Simultaneously, the satellite has up to K d available DS beams, and there are M cognitive terminals in the coverage of the satellite, M ≥ J · K c , where K c denotes the number of coverage beams, while the interference of j-th channel sensed by the m-th terrestrial terminal is defined as
Therefore, the spectrum sensing results for these M terminals of J frequency channels can be expressed as
where rows represent interference levels sensed by different terminals for the same channel, and columns denote interference levels sensed by the same terminal for different channels. Obviously, in order to improve the Signal-to-Interference plus Noise Ratio (SINR) of the SatCom downlink, terminals tend to employ the channel which suffers the minimum interference. However, we argue that these terminals should select more candidate channels (i.e. 2 ≤ θ ≤ J ) to report to the satellite, and the reason is twofold. On one hand, there are usually more than one unoccupied channel among J channels, and all idle channels can be utilized for the terminal, on the other hand, the satellite may lack flexibility and the RA results may be unsatisfying if resources are allocated in strict accordance with the single channel reported by each terminal. Then, the interference of θ channels selected by M terminals can be expressed as
where
T denotes θ of lowest power channels according to spectrum sensing results of (·)-th terminal. Correspondingly, the channel matrix can be denoted as
T represents the numbering of θ of lowest power channels that selected by (·)-th terminal.
For terminals in the coverage of the satellite, the level of received signal is expressed as 2 , f is the center frequency, and c denotes the propagation velocity. Thus, we can acquire the level of desired signals of M terminals as shown below
According to (2) and (5), the SINRs of θ channels selected by M terminals can be denoted as
and
where N 0 represents the noise thermal power. 1 1 Note here that the interference power and noise power are generally not clearly distinguishable from each other with energy detection (ED) method, we express here in this way is to show the theoretical relationship. Besides, we don't consider inter-beam interference in this paper, since spatial reuse and BH scheme are introduced in Section IV, the inter-beam interference will be somewhat relieved, and in Section VI, redundancy is added to interference values that are reported to the satellite. We will study the model containing this interference in our future work.
A. RA PROBLEM FORMULATION
We now summarize the formulation of multidimensional RA with the goal of MT, while RA for MDSV will be introduced in Section V. Without loss of generality, we normalize the downlink transmission time T to 1, and the RA problem can be modeled as
where , χ, t, p represent the distribution of frequency channel, DS beam, time and power resource dimensions, respectively. (4), and the main difference is that the former is marked with frequency channel, beam and state. Moreover, (8d), (8e) and (8f) indicate the upper limit of payload power (i.e. P tot ), transmission time and recommended candidate channels respectively, in which s is the set of activated beams in state s.
Given and χ are related to selection of frequency channel numbering and decision of the DS beam quantity respectively, problem (8) (8) is NP-hard, and the time-consuming bruteforce method is unrealistic for solving it. However, we observe that the problem can be decomposed into three levels of problems, i.e. frequency band selection (FBS) problem, dedicated beam allocation (DBA) problem and time-power allocation (TPA) problem. They can be solved by the heuristic algorithm and the Lagrangian dual algorithm respectively, which will be introduced below. VOLUME 6, 2018
IV. CHANNEL SELECTION AND BEAM HOPPING SCHEME
In this section, we propose a heuristic channel selection method that can quickly and reasonably choose the downlink channel among those recommended ones by each terminal. Besides, to solve the DRC problem, a BH scheme which is capable of serving all terrestrial terminals is presented.
A. CHANNEL SELECTION -TO SOLVE THE FBS PROBLEM (LEVEL 2) 2
Code division multiple access is adopted for cognitive SatCom downlink in this paper, as both frequency and time resources will be assigned. It is worthy to mention that the allocation of frequency resource is recommended by terrestrial terminals and determined by the satellite; the DS beam resource is planned in two aspects, i.e. the quantity of DS beams and the specific allocation corresponding to this quantity; while the time and power resources are respectively divided in the form of the duration of each state (i.e. BH pattern) and the power of each illuminated beam. 3 For terminals that are served by the same beam, which means that they are all in the coverage of this beam and are assigned with the same channel, we observe that the terminal with higher throughput demand and interference value plays a decisive role in the allocation of resources. Particularly, if throughput requirement of the terminal or interference of the selected channel is large, then more power or time resources should be allocated. In a special case where terminal m is served by state s only, to satisfy the requirement, we have
Notice that the SINR of the current SatCom is generally low, and log 2 (1 + x) ≈ x for small x, then
Since channel gain χ
can be estimated, we can now acquire the following conclusion: when the throughput requirement of the terminal and the interference of recommended channels are known, we can estimate the needed resources. The characterization parameter (CP) is defined as
Based on the above analysis, an important principle of solving the FBS problem has been formed, which is, the selected channel among those recommended channels should minimize the consumption of resources, and only in this way, we can maximize the savings of satellite resources. Accurately speaking, the CP of the terminal corresponding to the selected channel should be less than the existing maximum CP of this channel, otherwise, it should introduce the smallest CP variance increment for the current channel among all recommended channels. Based on this observation, we summarise the channel selection method in Algorithm 1. 
Assign channel J (m) to terminal m 10:
Choose the channel which introduces the smallest increase in the CP variance 12: end if 13: end for 14: Update the corresponding max i,j ,¯ i,j 15: end for 16: Obtain the channel selection results.
In Algorithm 1, those terminals with small CPs are assigned the first recommended channel (i.e. J 1 (·)), after which we can acquire the maximum and average values of the CP for each channel in each coverage beam. Based on these two types of values, the remaining terminals can be assigned channels. In particular, for each of the remaining terminals, if a recommended channel has a lower CP value than the maximum value of the current channel, the channel should be chosen, as the needed resources is determined by the terminal with the largest CP value for each channel in each coverage beam. Otherwise, we argue that the terminal should be assigned a channel which will introduce the smallest increment in the variance of the CP, as the more concentrated the CP values, the more fully utilized the resources of the satellite. After performing Algorithm 1, we will get the channel assignment results for all terrestrial terminals. For simplicity, hereinafter j m and I m are respectively utilized to denote the selected channel for terminal m and the sensed interference level of this channel.
B. BEAM HOPPING SCHEME
In multi-beam SatCom, the total band is divided into several segments with same size, and each segment is allocated a color [24] . This paper utilizes four colors to illustrate the spatial reuse, and the bandwidth of each beam (color) is B, which is equivalent to the bandwidth of each channel. Since J is generally larger than 4, the bandwidth of a cluster which contains four different colors is less than the total bandwidth of the shared spectrum. Therefore, the multi-beam satellite can only serve spatially different terminals of 4 channels, and each beam can merely serve terminals with the same channel. It is far from meeting the needs of the current scenario. We now propose a BH scheme to solve this problem.
It is still assumed that the number of assigned channels in each coverage beam of the satellite is J after the channel selection. To settle this unresolved DRC problem, we consider increasing the quantity of BH patterns, i.e. changing the frequency channel of coverage beams without changing their positions. Fig. 3 shows several possible BH patterns of a cluster, from which we can conclude that through the reasonable combination of BH patterns, all terminals will be served by the satellite. However, this method faces the choice of up to J (J − 1)(J − 2)(J − 3) J 4 channel combinations (i.e. BH patterns), where · is the ceiling operator. Finding the optimal combination is time consuming and thus is unrealistic for the current cognitive SatCom scenario. Fortunately, we notice that channels can be combined in a greedy way, and the corresponding resource allocation problem can be solved by optimizing time and power, whereas the only restriction is that the transmit power of each beam in the same state should all meet the terminal's SINR requirement. Mathematically, where γ m denotes the SINR requirement of m-th terminal. Then, we have
we can thus acquire the minimum transmit power of all channels of each coverage beam, which is
Based on equation (15), the core idea of the BH scheme is that one beam of a cluster is selected as the reference, and the beam is utilized to serve terminals of different channels sequentially, which is also described in Algorithm 2 (see step 3-13). Correspondingly, the remaining three beams in the cluster, as well as beams in other clusters, will also be able to serve all terminals. Besides, since each cluster contains four coverage beams, frequency channels are served in groups of four ones. If K c and J are not multiples of 4, it means that some terminals are served by multiple states (i.e. BH patterns). However, it should be noted that the sum of transmit powers of beams that are activated at the same time should be lower than the total payload power of the satellite, which is emphasized in Algorithm 2 (see step 7 and step 14). Particularly, for those channels of coverage beams with large transmit power requirements, which can not be served simultaneously within a single BH pattern, we consider allocating additional BH patterns to them (see step [14] [15] [16] [17] [18] . Obviously, the proposed heuristic method ensures that all terrestrial terminals are served with less BH patterns, which means it 
for z = 1, 2, 3, 4 do 7: if P sumz ≤ P tot then 8: Assign the current BH pattern 9: else 10: will take fewer switches between BH patterns. Therefore, the DRC problem can be solved by the combination of Algorithm 1 and Algorithm 2.
V. RA WITH MT AND MDSV
For SatCom, efficient utilization of limited resources is of great significance. Existing work tends to allocate resources with two objectives, namely, maximizing system throughput (MT) or achieving fairness among users [28] . In this context, when resources are abundant, we choose MT to maximize the throughput of SatCom, and when available resources are relatively scarce, MDSV which maximizes the throughput based on terminals' fairness [17] is adopted as the target. This section sequentially presents the cognitive SatCom procedure, RA with MT, and RA with MDSV.
A. COGNITIVE SATCOM PROCEDURE
The cognitive SatCom procedure is illustrated in Fig. 4 . For each terminal, it reports the recommended frequency channels, traffic demand, location, and channel gain calculated in the previous superframe to the satellite after spectrum sensing. It is assumed that the above reported contents remain constant over the period of the superframe, as duration of the superframe can be adjusted according to circumstances of the shared spectrum. Next, the satellite optimizes allocation of available resources by solving the DBA, FBS and TPA problems respectively, and informs terminals of RA results by broadcasting. Eventually, the cognitive satellite system completes the downlink communication process in the remaining time (i.e. T ) of the superframe. It should be noted that the DBA problem should be solved before the FBS problem, however, since it is associated with RA objectives, we show its solution in this section. Besides, we allocate DS beams exclusively to special terminals which can be discriminated by the CP ( m, , ∀m, ), as special terminals will consume much more resources (i.e. time and power) if they are served by coverage beams. Since special terminals only account for a small part of all terrestrial terminals, we assume the first recommended channel is allocated to each of them.
B. RA WITH MT 1) LEVEL 1, THE DBA PROBLEM
To increase the throughput of cognitive SatCom, we argue that all DS beams of the satellite should be utilized, and the reasons are as follows: the DS beam has an additional gain comparing to the coverage beam, it is suitable for serving special terminals, and the gain can be reflected in the system throughput. As more DS beams are utilized, more beam resources are applied to special terminals under the premise that all general terminals' requirements are satisfied. Different from the logarithm between throughput and power, the relationship between throughput and beam resource is linear.
For special terminals, an intuitive idea is to assign dedicated beams to each of them, however, if there are special terminals of same channel within coverage of a DS beam, the resource will be wasted. To avoid this, spatial clustering is needed, the clustering can be easily implemented, since location information of terminals has been reported to the satellite. Then, multiple heaps of special terminals are formed. We believe that the assignment of DS beams should be subject to the following conditions
• Since resources in the current scenario are relatively abundant, DS beams can be evenly distributed to all heaps regardless of the difference between them, and the remaining issues can be optimized by the TPA problem Level 3;
• The DS beam of the same frequency channel shouldn't overlap with the coverage beam to avoid co-channel interference.
• A DS beam shouldn't be activated in a BH pattern where the total transmit power of beams will exceed the payload power of the satellite (i.e. P tot ).
2) LEVEL 3, THE TPA PROBLEM
Since the DBA and FBS problems have been solved, to maximize throughput, the remaining problem of the RA is the TPA problem, which can be expressed as Proof: The objective function in (16a) is the sum of M concave functions, and constraints in (16b) that satisfy terminals' requirements are all concave functions, while constraints (16c) and (16d) are both affine. Thus the problem is convex.
By observing constraint (16b), it can be concluded that time and power variables are coupled, we can't get closedform solutions of them, thus an iterative method is required to find the optimal solution effectively. We observe that problem (16) can be divided into two convex subproblems based on the idea of block coordinate descent method [29] : SP1-for solving time allocation t s , ∀s of BH patterns (states) for fixed (18) Obviously, SP1 and SP2 are both convex, they satisfy Slater's constraint qualification [29] . Thus, when the necessary and sufficient conditions, that is, the KKT (Karush-Kuhn-Tucker) conditions are satisfied, the optimal solutions can be achieved. The Lagrangian function L 1 of time allocation SP1 is 
Therefore, t s , ∀s and τ m , ∀m can be updated by using their gradients in (20) and (21), while β can be obtained according to the following proposition.
Proposition 1: (16c) and (16d) are equations when problem (16) gets the optimal solution.
Proof: Suppose that when the optimal solution is obtained, (16c) and (16d) are strict inequalities. The value of the objective function can be promoted by increasing time or power, as the objective function is positively related to these two variables, and this is contrary to our assumption.
With the steepest descent method [30] , the update process should also satisfy
where α l denotes the step size of l-th update. Thus β can be solved by combining (20) and (22). Similarly, the Lagrangian function L 2 of power allocation SP2 is 
Now, P i,j m s , ∀i, m, s and τ m , ∀m can be updated by (24) and (25) respectively, while λ s can also be solved by referring to Proposition 1, which satisfies the following formula
where η l represents the step size of l-th update.
By solving SP1 and SP2 alternately, we will get the optimal solution to the TPA problem.
Finally, we summarize the solution to problem (8) in Algorithm 3, where three levels of problems are solved in turn. We now analyze the complexity of Algorithm 3. As mentioned earlier, the number of special terminals is much smaller than that of general terminals. Thus complexity of spatial clustering is low, we take its complexity as O(M ) for simplicity, which is generally much higher than its real complexity. The complexity of Algorithm 1 is O(MlogM + 2M θ + M ), which can be simplified as O(MlogM ), since θ is generally less than logM , while the complexity of Algorithm 2 is O(MJ ). Besides, steps 10(a) and 10(b) need to be repeated for S times, then the complexity is O(S). Steps 10(d) and 10(e) require SM /J repetitions under condition that terminals are randomly distributed, thus their complexity are both O(SM /J ), while steps 10(c) and 10(f) need to be computed for each terminal, then the complexity is O(M ). Cluster special terminals; 5: Distribute all available DS beams of states evenly to special terminal heaps. 6: Level 2: --To solve the FBS problem-- 7: Perform Algorithm 1; 8: Perform Algorithm 2 to acquire BH patterns. 9: Level 3: --To solve the TPA problem--10: until convergence 12: Obtain results , χ, t, p.
The total complexity of the algorithm is O(MlogM
, where L is the number of cycles of level 3. Since S is less than M , and S/J is a limited number, the complexity of Algorithm 3 is O(M (logM + J + L)).
C. RA WITH MDSV
When available resources of the satellite are relatively inadequate, MDSV is adopted as the objective of RA. In this context, the RA problem can be modeled as
where (27c), (27d) and (27e) are the same as (8d), (8e) and (8f), while (27b) is an assumption that the satellite will not serve terminals with excessive throughput, this is consistent with the allocation logic when available resources are relatively scarce.
Similar to problem (8), we observe that problem (27) also belongs to mixed-integer nonlinear programming, and it can be solved by decomposition. Moreover, both the channel selection method (i.e. Algorithm 1) and BH patterns decision method (i.e. Algorithm 2) are applicable to this problem. We now focus on solving the DBA problem and TPA problem.
1) LEVEL 1, THE DBA PROBLEM
The allocation of DS beams is indispensable when available resources of the satellite are relatively insufficient. Special terminals should be sorted out due to the fact that their high throughput requirements or large suffered interference are unfavorable for the reduction of the objective (i.e. (27a)) value. It can be observed that the objective value descends first and then rises, with the increase of employed DS beams. The reasons are as follows: DS beams are suitable for serving special terminals, and the gain can be reflected in the objective value, however, the more DS beams are adopted, the more power is saved and then utilized for terminals in coverage beams, this indicates that the provided throughput will first gradually meet the requirements of all terminals, and then exceeds them.
The aforementioned spatial clustering in Section V.B is necessary. Besides, the following principles are required for the assignment of DS beams
• Since DS beams are relatively insufficient, terminals with higher CPs among special terminals should be preferentially served by DS beams. To this aim, the same number of special terminal heaps as the available DS beams of states are partitioned, while the remaining special terminals are served by coverage beams;
• A DS beam shouldn't be activated in a BH pattern where the total transmit power of beams will exceed the payload power of the satellite.
2) LEVEL 3, THE TPA PROBLEM
After Level 1 and Level 2 problems are solved, the remaining Level 3 problem can be expressed as
The unknown variables are the power of activated beams and the duration of BH patterns (states), while the following claim illustrates the nature of problem (28) .
Claim 2:
The optimization problem (28) is non-convex. Proof: The non-convex conclusion is based on two factors, the first is that the objective function (28a) contains quadratic of product terms of variables t s and P i,j s , while the second is that the constraint (28b) is a concave set.
Therefore, we are not capable of obtaining the global optimal solution of problem (28) . However, by observing (28), the following proposition can be acquired.
Proposition 2: When objective (28a) obtains the optimal solution, condition (28b) is also satisfied.
Proof: The lower limit of the minimum value of the objective (28a) is zero, at this moment, the throughput requirements of all terminals are exactly satisfied, which means that constraints in (28b) have equation relationships. However, as resources of the satellite are relatively inadequate, part of the relations in (28b) are strict inequalities, which is consistent with the proposition.
Based on Proposition 2, we first temporarily remove (28b) and then consider it in the solving process. In particular, the TPA problem can be decomposed into two subproblems with the idea of block coordinate descent method, and local optimal solution can be obtained in this way, after that, condition (28b) is introduced, so that the objective function will be further reduced to approach the optimal solution.
Without condition (28b), problem (28) 
(16c). (30)
SP1 is a convex problem, while SP2 is not, and by solving them alternately, we can get the local optimal solution. The Lagrangian function L 1 of SP1 is
With KKT stationary conditions, we can acquire the gradient of t s
Thus t s , ∀s can be updated by (32), while dual variable β can be similarly updated by (22) owing to the following proposition.
Proposition 3: (16c) and (16d) (see (29) and (30)) are equations when problem (28) gets the optimal solution.
Proof: Assuming that (16c) and (16d) are strict inequalities when the optimal solution is obtained, then the objective value can be reduced by increasing time or power for terminals whose throughput requirements are not met. Thus it is contrary to our assumption.
The Lagrangian function L 2 of SP2 is:
With KKT stationary conditions, we have Unfortunately, simulation results in Section VI show that the current acquired local optimal solution is far from satisfactory, as the results do not meet condition (28b). Inspired by this, (28b) is consequently introduced into the following optimization process.
The TPA problem is determined by the distribution of time and power resources, and t s in SP1 is optimal when P i,j s is fixed, as subproblem SP1 is convex. Therefore, SP2 should be considered for further optimization. To this end, terminals that are allocated the same channel within the same beam should be grouped together. We consider allocating partial power of groups whose throughputs are excessive to groups whose requirements are not satisfied. This adjustment process is similar to capped multi-level (CML) water-filling algorithm [16] , and it is summarized in Algorithm 4.
Algorithm 5 summarizes the solution of problem (27) . Now we analyze its complexity. As analyzed in Algorithm 3, the complexity of spatial clustering (i.e. step 3) and step 12-13 are O(M ) and O(LM ) respectively. The complexity of Quicksort is known, that is, O(nlog(n)) for n heaps. It needs to repeat SKM times in Algorithm 4, so the complexity is O(SKM ). Then the total complexity is O(M + nlogn + MlogM +MJ + (LM +SKM )), where denotes the number of iterations of steps 10-15. Since n is much smaller than M , Algorithm 5 has complexity O(M (logM + J + (L + SK ))). It should be added that the simulation in Section VI shows that L ≤ 5 and ≤ 3, which is acceptable for the cognitive SatCom scenario.
VI. SIMULATION RESULTS AND DISCUSSION
In this section, performance of the proposed RA schemes with two objectives are validated with Matlab respectively. It is assumed that terrestrial terminals are equipped with wideband spectrum sensing module, and they are capable of scanning all frequency channels in the shared spectrum and acquiring the interference level of each of them. Moreover, different quantity of available DS beam as well 
end if 13: end for 14: end for 15: for items in V unmet do 16 : as spectrum sensing errors are considered in the simulation, as the reported spectrum sensing results may have bias or errors due to changes in the state of PUs during the large delay.
Simulation parameters are summarized in Table 1 . We select 5GHz ISM band for the simulation, which is mainly based on two considerations. On one hand, algorithms and schemes presented in this paper apply to the mentioned three scenarios. We only select one of them for simulation analysis, as simulation of the other two scenarios is mainly to change relevant parameters, and performance of the proposed algorithms and schemes is not affected essentially. On the Cluster special terminals; 4: Quickly sort the heaps; 5: Distribute all available DS beams of states to the sorted out heaps. 6 other hand, given the large number of PUs deployed in the 5 GHz ISM band and PUs' bursty nature, it is more challenging to use the 5 GHz ISM band for cognitive SatCom in practice, we want to provide some necessary information for practice through simulation with this band. For simplicity, the number of frequency channels is 8, and the channel gain of terminals served by coverage beams are set to the same to highlight the performance of proposed schemes, while the channel gain of terminals in DS beam are 20 dB greater than this value. Besides, terrestrial terminals are generated randomly in the satellite's coverage, and each of them recommends stochastic θ channels to the satellite. It is assumed that the cognitive satellite is equipped with phased array antenna [17] , thus it can flexibly adjust the power, direction and size of beams.
A. RA WITH MT EVALUATION
In the context of sufficient cognitive satellite resources, the payload power and DS beams are guaranteed. The total available power of the downlink communication is 600W, and the number of DS beams is 8. The interference of the first recommended channel of terrestrial terminals increases linearly in dB (from −135dBW to −125dBW) as the terminal serial number increases.
The performance of RA with MT (i.e. Algorithm 3) is first tested, and the results are shown in Fig. 5 . For clarity, the figure shows only the performance comparison between RA with six DS beams and RA without DS beams, from the perspective of each of the 240 terminals. Obviously, all requirements including those special ones are met by the satellite when six DS beams are employed. Besides, throughput of the cognitive SatCom with six DS beams is much higher than that without DS beams. Therefore, the results illustrate the rationality of the solution of problem (8) .
Taking both spectrum sensing error and DS beams into account, we show total throughput of the SatCom in Fig. 6 . Spectrum sensing error herein means that the interference to all terminals is increased relative to the reported interference (i.e. I θ×M ), during the transmission and RA delay. 4 As can be seen, the total throughput increases with adopted DS beams and decreases with the increase of spectrum sensing error, which is consistent with the previous analysis. In particular, the throughput decreases by about 10% when spectrum sensing error reaches 100% (i.e. The new interference level is 3dB higher than the reported one). 7 illustrates the quantity of unsatisfied terrestrial terminals, where uniform allocation means that power and time resources are evenly distributed after performing Level 1 and Level 2 in Algorithm 3. Clearly, for each case, as more DS beams are adopted, the number of unmet terminals is gradually reduced to a smaller value. When there is no spectrum sensing error, all terminals' requirements can be satisfied by Algorithm 3 with six DS beams. Besides, it can be concluded that the proposed method achieves good results in 4 Note that interference reduction indicates an increase of total throughput, we do not consider this case in the simulation. a holistic manner, as the performance of uniform allocation which lacks Level 3 (i.e. the solution of TPA problem) is obviously not as good as Algorithm 3. It also can be acquired that high spectrum sensing errors will lead to an increase in the quantity of unsatisfied terminals. However, our scheme possesses a certain degree of resistance to spectrum sensing errors, as the number of unmet terminals of Algorithm 3 is obviously less than that of uniform allocation when the spectrum sensing error is 100%.
B. RA WITH MDSV EVALUATION
To verify the performance of proposed scheme that is designed for the satellite with relatively scarce resources, we set the payload power as 450W. Firstly, effects of Algorithm 5 and unimproved algorithm (i.e. Algorithm 5 without step 14) are compared in Fig. 8 . For clarity, we show the normalized objective value (NOV) of the two algorithms, and the base line is the objective value of the uniform allocation algorithm. Obviously, Algorithm 5 is concerned with the match of demand and supply more than the uniform allocation algorithm and the unimproved algorithm are, as a smaller NOV indicates a better performance. In addition, the local optimum values can be obtained by the unimproved algorithm, but these values still have a certain disparity from the ideal ones. In contrast, with Algorithm 4, Algorithm 5 allows to further reduce the objective value, and thus achieves a better allocation results.
FIGURE 8.
Normalized objective value (NOV) of proposed algorithms. VOLUME 6, 2018 Under the circumstance where 10% spectrum sensing error exists, the unsatisfied quantity of terrestrial terminals and the objective value are shown in Fig. 9 and Fig. 10 , respectively. For Algorithm 5 without spectrum sensing error, Fig. 10 shows results that are consistent with the analysis in Section V, which indicates that the satellite equipped with DS beams can break the limit of power shortage. A similar conclusion can also be drawn in Fig. 9 , as the increase of DS beams, the number of unsatisfied terminals decreases to zero. However, as can be seen, when the spectrum sensing error exists, these terminals are difficult to be fully satisfied. There are two essential reasons for this, on one hand, Algorithm 4 performs power adjustment strictly according to interference values reported by terminals, which restricts the flexibility of RA; on the other hand, the payload power in the current scenario is relatively scarce, and this limits the performance of SatCom fundamentally.
To address this issue, we add 10% redundancy to the reported interference values, and the results are illustrated in Fig. 9 and Fig. 10 (i.e. the improved scheme therein), respectively, where the quantity of unmet terminals and the value of objective are significantly ameliorated. Although this approach helps solve the problem of spectrum sensing errors, it fails to settle the problem of insufficient payload power. In order to further improve the resistance to spectrum sensing errors, the cognitive satellite should abandon part of terminals or increase its power. Finally, under the condition of random throughput requirements, RA results of Algorithm 5 is illustrated in Fig. 11 , where three DS beams are employed. As can be seen, coverage beams achieve an excellent throughput compromise among general terminals of the same frequency channel, while DS beams basically satisfy the requirements of special terminals. In general, Algorithm 5 ensures good results for the RA with MDSV. 
VII. CONCLUSION
In order to increase the flexibility of cognitive SatCom downlink, this paper considered a special scenario where frequency channels are recommended by terrestrial terminals. Compared with the more concerned 17.3-17.7GHz and 17.7-19.7GHz bands, this paper additionally analyzed the feasibility of applying this scenario in the 5 GHz ISM band. A new beam hopping scheme was proposed to settle the diverse recommended channels (DRC) problem in this scenario. Moreover, to efficently utilize resources of the satellite, we presented two resource allocation (RA) schemes that target maximizing throughput (MT) and minimizing demand-supply variance (MDSV) respectively. Heuristic and Lagrangian dual algorithms were both adopted to quickly solve the mixed-integer nonlinear programming problems. The effectiveness of proposed schemes and algorithms were verified by simulations and comparisons. Besides, we also tested and analysed the robustness of proposed schemes to spectrum sensing errors, based on which feasible solutions were raised.
